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ABSTRACT Previous studies on drug efficacy showed low protection against abor-
tion and vertical transmission of Toxoplasma gondii in pregnant sheep. Bumped ki-
nase inhibitors (BKls), which are ATP-competitive inhibitors of calcium-dependent
protein kinase 1 (CDPK1), were shown to be highly efficacious against several api-
complexan parasites in vitro and in laboratory animal models. Here, we present the
safety and efficacy of BKI-1294 treatment (dosed orally at 100 mg/kg of body weight
5 times every 48 h) initiated 48 h after oral infection of sheep at midpregnancy with
1,000 TgShSp1 oocysts. BKI-1294 demonstrated systemic exposure in pregnant ewes,
with maximum plasma concentrations of 2 to 3 uM and trough concentrations of
0.4 uM at 48 h after each dose. Oral administration of BKI-1294 in uninfected sheep
at midpregnancy was deemed safe, since there were no changes in behavior, fecal
consistency, rectal temperatures, hematological and biochemical parameters, or fetal
mortality/morbidity. In ewes infected with a T. gondii oocyst dose lethal for fetuses,
BKI-1294 treatment led to a minor rectal temperature increase after infection and a
decrease in fetal/lamb mortality of 71%. None of the lambs born alive in the treated
group exhibited congenital encephalitis lesions, and vertical transmission was pre-
vented in 53% of them. BKI-1294 treatment during infection led to strong interferon
gamma production after cell stimulation in vitro and a low humoral immune re-
sponse to soluble tachyzoite antigens but high levels of anti-SAG1 antibodies. The
results demonstrate a proof of concept for the therapeutic use of BKI-1294 to pro-
tect ovine fetuses from T. gondii infection during pregnancy.

KEYWORDS BKI-1294, Toxoplasma gondii, abortion, protein kinase inhibitor, safety,
sheep, treatment, vertical transmission

oxoplasma gondii is an apicomplexan parasite that causes significant economic
losses due to abortions after primary infection of pregnant sheep (1). Congenital
transmission of T. gondii mainly occurs through ingestion of oocysts during pregnancy
(2). Infection during early and midpregnancy is usually associated with abortion or
vertical transmission of the parasite, while infection in late pregnancy produces a
congenitally infected but generally viable lamb, sometimes harboring toxoplasmic
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lesions (3). Once the infection occurs, there is generally a delay of 4 weeks until abortion
occurs (1). However, earlier abortions (during the second week postinfection [p.i.]) have
been described in several experimental inoculations of sheep with sporulated oocysts
(4-7).

For the control of ovine toxoplasmosis, several measures have been proposed (8).
Minimizing the burden of T. gondii oocysts in the environment is essential to reducing
horizontal transmission. However, these farm biosecurity measures are not enough to
control the disease, and therefore vaccines and drugs are needed (9). For this purpose,
a live attenuated vaccine (Toxovax; MSD) that confers protection against abortions and
decreases tissue cyst development (2) is commercially available in some European
Union countries and in New Zealand (10, 11). Although a set of drugs showed efficacy
in vitro and in laboratory animal models (9), only monensin (12, 13), folate inhibitors
(14), and decoquinate (15) have been evaluated against T. gondii in pregnant sheep. In
these studies, protection against abortion was found in 20 to 40% of infected ewes (13),
and there was limited or no protection against vertical transmission (12-15). Thus,
presently there is no efficacious drug for the treatment or prevention of ovine toxo-
plasmosis.

Current treatment options for human toxoplasmosis are limited. Clinical cases in
humans with encephalitis or ocular disorders due to toxoplasmosis are often treated
with pyrimethamine in combination with a sulfonamide, which are often toxic to the
host and cause serious adverse side effects (16). Antiparasitic drug development based
on targeting protein kinase enzymes is a well-established approach (17). Calcium-
dependent protein kinase 1 (CDPK1) represents a promising drug target, as CDPK1 is
likely descended from the plant lineage of T. gondii and thus is absent from mammalian
hosts (18-21). CDPK1 activity is essential for microneme secretion, host cell invasion,
and egress of T. gondii (18, 22, 23) and can be selectively targeted by a class of
ATP-competitive compounds, collectively named bumped kinase inhibitors (BKIs). BKIs
have broad-spectrum activity that affects many apicomplexan parasites (24). BKI-1294
is effective against T. gondii in vitro (25) and in vivo against acute (26, 27) and chronic
(26) toxoplasmosis in mice, as well as against vertical transmission in a pregnant mouse
model of toxoplasmosis (28).

Contrary to the case for mice, in sheep and humans there is a lack of T. gondii
profilin-mediated activation of Toll-like-receptors (TLR) 11 and 12, which primes inter-
feron gamma (IFN-y) production by T cells and consequently upregulates the
immunity-related GTPases (IRGs). Other TLRs present in humans and sheep, such as
TLR7 and TLR9Y, are activated by parasite DNA and RNA and help to tackle the parasite
(29). These similarities in sheep and human innate immunity suggest that the pregnant
sheep model of T. gondii infection is a good model for the evaluation of new vaccine
and drug candidates for the prevention and treatment of human pregnancy toxoplas-
mosis. We report here on the safety and efficacy of BKI-1294 treatment in pregnant
sheep experimentally infected with T. gondii oocysts at midgestation.

RESULTS

To summarize the experimental design, in group 1 (G1; infected/treated), 48 h after
oral administration of 1,000 TgShSp1 oocysts to sheep at midpregnancy, BKI-1294 was
orally applied 5 times at 100 mg/kg of body weight every 48 h. Sheep in group 2 (G2;
infected/untreated) were infected with the same oocyst dose but did not receive the
treatment. Efficacy of BKI-1294 was assessed by monitoring fetal/lamb mortality and
vertical transmission in live lambs (seropositivity and parasite detection/lesion in brain
or lungs). In addition, rectal temperatures and cellular and humoral immune responses
to T. gondii infection were assessed. To evaluate safety of BKI-1294, pregnant sheep in
group 3 (G3) were not infected but received the compound. Rectal temperatures,
gastrointestinal and behavioral changes, fetal viability, and hematological and bio-
chemical parameters were monitored. Finally, group 4 (G4), uninfected but receiving
the vehicle of the drug, was used as a sentinel control. In treated groups (G1 and G3),
drug levels of BKI-1294 were determined (see Materials and Methods).
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FIG 1 BKI-1294 plasma concentrations in infected and uninfected ewes. Values from infected ewes (G1) and uninfected ewes
(G3) dosed with BKI-1294 are shown. Each point represents the means * SD at the different sampling times for each group.
Arrows indicate the time points of drug administrations.

Pharmacokinetics. In G1 (T. gondii infected and BKI-1294 treated), maximum
concentrations (C,,,,) of 2.2 *0.8uM after the 1st, 2nd, and 3rd doses and of
3.5+ 0.7 uM after the 4th and 5th doses were reached at 8 to 24 h after BKI-1294
administration. Likewise, trough plasma concentrations of 1.1 = 0.6 uM 48 h after the
1st, 2nd, and 3rd doses, 2.4 == 0.8 uM 48 h after the 4th and 5th doses, and detectable
drug levels until 6 to 7 days after the last dose were found (Fig. 1). In G3 (uninfected and
BKI-1294-treated group), a C,,.x of 2 = 0.3 uM was reached 8 to 24 h after each dose,
with trough plasma concentrations of 0.4 = 0.1 uM 48 h after the 1st, 2nd, 3rd, 4th, and
5th doses and detectable drug levels until 3 to 4 days after the last dose (Fig. 1).

There were significant differences between sheep in G1 (infected/treated) and sheep
in G3 (uninfected/treated) in the area under the curve (AUC) (P < 0.05) and C,,,,, at the
4th (P < 0.05) and 5th (P < 0.05) doses. No significant differences were observed for the
Cinax OF AUCs between the ewes that suffered from fetal/lamb mortality and those that
gave birth to healthy lambs in G1 (infected/treated). There were also no significant
differences for C,,,, or AUC for the ewes from G1 (infected/treated), with at least one
T. gondii-positive lamb compared to those ewes with no T. gondii-positive offspring.

Hematology and biochemistry. Means and standard deviations for hematological
and biochemical parameters in G3 (uninfected/treated) and G4 (uninfected/untreated)
before and after treatment (4 days after the 5th BKI-1294 dose) and reference values are
shown in Table 1. Mean values for hematological and biochemical parameters were in
the physiological range at initial and final time points. The only exception concerned
the creatine kinase (CK) in G4 (uninfected/untreated) at the final time point, which
showed a mean value above the reference.

Clinical observations. No significant increase in rectal temperature was found
throughout 12 days following the first BKI-1294 treatment in sheep that remained
uninfected but received BKI-1294 treatment (G3) compared to those that received
vehicle alone (G4) (Fig. 2). In addition, no alterations in the fecal consistency or any
other gastrointestinal or behavioral changes were observed in the BKI-1294-treated
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TABLE 1 Hematological and biochemical parameters before treatment and 4 days after the 5th BKI-1294 dose

Level fore:

G3 (uninfected/treated)

G4 (uninfected/vehicle alone)

Parameter® (units) Reference value Initial Final Initial Final
Erythrocytes (X 10°) 9-14 10.68 £ 0.67 9.26 = 0.57 10.74 = 0.55 9.04 + 0.66
Hemoglobin (g/dl) 8-15 11.78 = 0.40 10.36 = 0.78 12.24 = 1.04 10.38 = 0.86
Packed cell volume (%) 28-40 32.74 +1.96 28.52 = 1.49 32.94 + 2.01 27.94 + 1.89
Platelets (X103) 250-750 394.20 = 97.85 533.80 = 121.61 583.4 + 73.67 615 = 114.58
Leukocytes (X103) 4-12 485 *1.12 4.84 + 0.63 721 =142 6.53 £ 1.98
Segment neutrophils (%) 10-50 38.72 = 4.86 41.50 £ 12.58 453 £5.13 38.24 = 9.39
Lymphocytes (%) 40-75 51.44 = 4.04 46.84 = 13.13 45 + 577 51.48 = 11
Monocytes (%) 1-6 3.70 = 1.04 528 = 1.99 412 +£1.14 446 £ 1.47
Eosinophils (%) 0-15 3.62 + 147 4,04 £ 243 1.88 £ 0.94 238+ 1.73
Proteins (g/dl) 6-8 6.42 +0.34 6.56 + 0.26 6.8 = 0.36 6.96 + 0.32
AST (Ul/liter) 70-210 97.80 = 27.34 82.60 + 27.27 974 +15.24 119 = 39.05
GGT (Ul/liter) 36-93 56.60 = 9.65 61.80 = 12.07 66 = 11.95 64 +7.71
ALP (Ul/liter) 44-355 191.40 = 62.79 221.80 = 64.61 304.2 = 60.60 266.4 + 77.18
CK (Ul/liter) 50-180 91.75 = 4.78 143.75 = 60.11 170.66 = 47.81 301 £ 151.70
Urea (mg/dl) 8.4-30.8 12.08 £ 1.60 15.36 = 3.46 15.46 = 1.16 12.02 +4.18
Creatinine (mg/dl) 0.9-1.7 0.98 = 0.04 0.9 =+ 0.04 1+0.07 1.22 £ 0.08
Calcium (mg/dl) 7.1-9.8 9.80 = 0.68 10.24 = 0.75 10.22 = 0.50 9.76 = 0.50
Phosphorus (mg/dl) 3.5-73 498 = 1.03 7.18 = 0.95 6.06 + 0.35 5.9 +0.38
Sodium (mEg/liter) 139-152 147.20 = 0.83 150 =2 148.8 = 1.30 146 = 1.22
Potassium (mEq/liter) 3.9-5.2 4.64 = 0.24 494 =033 47 = 0.46 492 £0.18
aValues are represented as means * SD.
bAST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; ALP, alkaline phosphatase; CK, creatine kinase.
groups. Likewise, no fetal/lamb mortality was detected in the uninfected, BKI-1294-
treated group (G3), and ewes gave birth to healthy lambs between 146 and 150 days
of pregnancy. Dams from the uninfected group dosed with vehicle alone (G4) also gave
birth to healthy lambs between days 146 and 150 of pregnancy (Fig. 3).
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FIG 2 Rectal temperatures of infected (G1 and G2) and uninfected groups (G3 and G4). In infected groups, G1 received BKI-1294
treatment and G2 did not. In uninfected groups, G3 was dosed with BKI-1294 while G4 received vehicle alone. Each point
represents the means = SD for each group. Rectal temperatures were analyzed using one-way ANOVA followed by Tukey’s
multiple test. For significant differences between infected groups, P < 0.001 (***).
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FIG 3 Kaplan-Meier survival curves for fetuses in the infected groups (G1 and G2) and uninfected groups
(G3 and G4). In infected groups, G1 received BKI-1294 treatment and G2 did not. In uninfected groups,
G3 was dosed with BKI-1294 while G4 received vehicle alone. Each point represents the percentage of
surviving animals on that day, and downward steps correspond to observed deaths. Fetal survival curves
were compared by the log-rank (Mantel-Cox) test. For significant differences between fetal survival
curves of infected groups, P < 0.001 (***).

Concerning the infected groups, significantly increased rectal temperatures were
found between days 4 (P < 0.05) and 8 (P < 0.001) p.i. in the T. gondii-infected,
untreated G2 compared to the uninfected control G4. However, compared to those
of G4 (uninfected/untreated), increased rectal temperatures were found in G1
(infected/treated) between days 5 (P < 0.0001) and 8 (P < 0.05) p.i. Comparing both
infected groups, a significant decrease in rectal temperature was observed in G1
(infected/treated) on days 5 (P < 0.001) and 7 (P < 0.001) p.i. (days 3 and 5 from the
start of treatment) (Fig. 2). In G1 (infected/treated), the rectal temperatures in the
two ewes with fetal/lamb mortality were higher on days 6 (P < 0.05) and 9 p.i.
(P < 0.0001) than in ewes that gave birth to healthy lambs. Severely reduced
voluntary food intake was found in T. gondii-infected animals from 6 to 11 days p.i.
From day 14 p.i. until the end of the experiment, no changes were found in rectal
temperatures or voluntary food intake.

Fetal/lamb mortality was detected in 2 out of 7 ewes from the infected and
BKI-1294-treated group (G1). One ewe aborted three fetuses on day 17 p.i., one ewe
suffered premature stillbirth on day 140 of pregnancy (50 days p.i.), and both ewes were
euthanized. Therefore, fetal/lamb mortality was found in 4 out 17 fetuses/lambs.
However, in the infected, untreated group (G2), 100% (8 out of 8) of the pregnant ewes
suffered early abortions (on days 8 and 9 p.i.) during the acute phase of the disease and
were euthanized. Significant differences were found in the fetal/lamb survival curve
between G1 (infected/treated) and G2 (infected/untreated) (P < 0.001) (Fig. 3) and also
in the number of lambs born in G1 (infected/treated) and G2 (infected/untreated)
(P < 0.0001). The remaining dams from the infected, BKI-1294-treated group (G1) gave
birth to 13 healthy lambs on days 144 and 150 of pregnancy.

The birth weight of the lambs born from sole pregnancies was 4,632 = 348 g in G3
(uninfected/treated) and 4,505 * 585 g in G4 (uninfected/untreated). In twin pregnan-
cies, the birth weight of the lambs was 3,217 =341g in G1 (infected/treated),
3,868 = 682 g in G3 (uninfected/treated), and 3,962 + 487 g in G4 (uninfected/un-
treated). Finally, in triplet and quadruplet pregnancies, the lambs weighed
2,919 =398 g in G1 (infected/treated) and 3,228 = 155 g in G3 (uninfected/treated).
The only significant difference was the lower birth weight of lambs born from twin
pregnancies in G1 (infected/treated) compared to birth weight of lambs born from twin
pregnancies in G4 (uninfected/untreated) (P < 0.05). However, no significant differ-
ences in the birth weight were found in G1 (infected/treated) between PCR-positive
lambs (T. gondii congenitally infected) and PCR-negative (uninfected) lambs.
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FIG 4 IFN-y in supernatants of peripheral blood cell cultures. Values from infected groups (G1 and G2)
and the group receiving vehicle alone (G4) are shown. Each point represents the means * SD at the
different sampling times for each group. Concentrations of IFN-y are expressed in pg/ml. Cellular
immune responses were analyzed using two-way ANOVA of repeated measures until day 7 p.i. For
significant differences between infected groups, P < 0.01 (**).

Cellular and humoral immune responses. IFN-y levels in supernatant of blood cell
cultures were significantly increased in samples from G1 (infected/treated) isolated on
day 7 p.. (P<0.01) compared to G2 (infected/untreated) and G4 (uninfected/un-
treated), with maximum IFN-vy levels on day 10 p.i. Furthermore, IFN-vy levels in G1
(infected/treated) maintained a 100-fold increase compared to G4 (uninfected/un-
treated) at the end of the sampling period. In G2 (infected/untreated), no significant
increase was found until the end of the sampling period (7 days p.i.) compared to G4
(uninfected/untreated); however, a 10-fold increase was found on the IFN-y levels on
days 5 and 7 p.i. Blood cell cultures from uninfected, untreated animals (G4) showed
IFN-y levels throughout the experimental study that corresponded to basal levels
recorded prior to inoculation (Fig. 4).

The Toxoplasma-specific IgG responses in dams were measured by enzyme-linked
immunosorbent assay (ELISA) and are shown in Fig. 5. In G1 (infected/treated), the ewe
that aborted on day 17 p.i. was seronegative by both ELISAs at all time points tested.
The remaining ewes were seropositive by the SAG1 commercial ELISA (2 dams were
seropositive from day 21 p.i, 1 dam was seropositive from day 28 p.i., and the
remaining 3 dams in this group were seropositive from day 35 p.i.) (Fig. 5A). Only the
ewe that gave birth to a stillborn lamb on day 140 of pregnancy and 2 of the ewes that
gave birth to healthy but congenitally infected lambs were seropositive on days 42 to
49 p.i. by ELISA based on T. gondii soluble antigens (Fig. 5B). All animals from G2
(infected/untreated) and G4 (uninfected/untreated) were seronegative by both ELISAs
throughout the experimental study; however, ewes in G2 (infected/untreated) were
euthanized before ELISA responses were observed in G1 (infected/treated), presumably
explaining the negative ELISA values.

In G1 (infected/treated), anti-T. gondii SAG1 antibodies were detected by Western
blotting (WB) in the serum samples of the 4 ewes that gave birth to healthy lambs
obtained on days 49 and 56 p.i. and in the serum sample from the ewe that gave birth
to a stillborn obtained on day 49 p.i. (on day 56 p.i. this ewe had already been
euthanized). Likewise, antibodies directed against recombinant T. gondii BAG1 were
detected by WB in all samples obtained on days 49 and 56 p.i. except in those from one
ewe that gave birth to healthy lambs (see Fig. S1 in the supplemental material).

Aborted fetuses in G1 (infected/treated) and G2 (infected/untreated), as well as
lambs born alive in G1 (infected/treated), were all seronegative, with the exception of
the stillborn detected in G1 (infected/treated) with an indirect fluorescent antibody test
(IFAT) titer of 1:256 (Table 2). Specific IgG responses against parasite antigens were not
detected in fetuses/lambs from the uninfected group receiving vehicle alone (G4).

Histopathological examination. Multifocal nonpurulent encephalitis (Fig. 6A) and
several necrotic foci in the lung samples were found in the stillborn lamb in G1
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FIG 5 IgG responses in sera by ELISA based on T. gondii SAG1 protein (A) or soluble antigens (B). Values
from infected groups (G1 and G2) and the group receiving vehicle alone (G4) are shown. Each point
represents the means = SD at the different sampling times for each group.

(infected/treated). The brains from fetuses aborted on day 17 p.i. were too autolytic to
allow proper histological evaluation; however, placentome samples from this ewe
showed multifocal areas of coagulative necrosis affecting the whole thickness of the
interdigitated area. These areas of necrosis were well demarcated by congestion in their

TABLE 2 Parasite detection and serology of fetuses/lambs from ewes infected with T.
gondii and treated with BKI-1294

No. fetuses/lambs positive by:

. . PCR4
No. of ewes with T. gondii-
Fetus/lamb viability?  positive offspring® IFAT¢ Brain Lung
Abortion (17) 11 0/3 1/3 (2/9) 0/3 (0/9)
Stillborn lambs (50) 11 1/1 (1:256) 1/1 (3/3) 0/1 (0/3)
Live lambs 3/5 0/13 6/13 (7/39)  0/13 (0/39)

aThe value in parentheses is the day postchallenge when aborted fetuses or stillborn lambs were detected.

bNumber of ewes with at least one fetus/lamb positive by serology or PCR/total number of ewes.

“Number of fetuses/lambs being T. gondii seropositive by IFAT/total number of fetuses or lambs. Shown in
parentheses are the positive IFAT titers.

dNumber of fetuses/lambs with at least one positive sample by PCR/total number of fetuses or lambs.
Parasite detection is shown in parentheses (PCR-positive samples/total number of samples analyzed).
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FIG 6 Hematoxylin and eosin staining. (a) Foci of gliosis with a central area of necrosis (arrowhead). Note
the diffuse congestion in the sample. Brain, X4 magnification. (b) Area of necrosis in the interdigitate
area of the placentome, denoted by loss of histological architecture and congestion. Note the sharply
demarcated borders (arrowheads) between the affected area and nonaffected area. Placenta, X1.6
magnification.

outer limits. The lumen of a scarce number of vessels in relation, or not, to these
necrotic areas was occupied by fibrin thrombi. No significant lesion was found in the
brains of the lambs born healthy in G1 (infected/treated). Likewise, no significant
lesions were found in the lungs from the aborted fetuses and the lambs born healthy
in G1 (infected/treated).

In G2 (infected/untreated), the brains from fetuses were too autolytic to allow
proper histological evaluation. No significant lesions were found in the lungs from
these fetuses. However, all the placentas from this group showed thrombosis in at least
one of the placentomes examined, while most of the remaining placentomes were
autolytic. These lesions were characterized by areas of necrosis sharply demarcated
from nonaffected tissue by bands of congestion (Fig. 6B). These lesions usually affected
the full thickness of the placentome. Finally, no histopathological findings were found
in the uninfected group (G4).
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Parasite detection in placental and fetal tissues. In placental tissues from G1
(infected/treated), T. gondii DNA was detected in all placentomes from the ewe that
gave birth to a stillborn on day 140 of pregnancy, whereas placentomes from the ewe
that aborted on day 17 p.i. and the cotyledons from the remaining ewes that gave birth
were PCR negative. In G2 (infected/untreated), in which ewes aborted at 8 to 9 dpi, T.
gondii DNA was detected in 1 out of 48 samples from placentomes of aborted ewes.

In fetal tissues from G1 (infected/treated), T. gondii DNA was detected in all brain
samples from the stillborn and in 66% of the brain samples from one of the three
fetuses aborted on day 17 p.i. T. gondii DNA was not detected in the lung samples from
the aborted fetus, the stillbirth, or the lambs born healthy. In seven out of thirteen
lambs born healthy in G1 (infected/treated) (four of them belonging to two different
dams), T. gondii DNA was not detected in the brain samples. However, in the lambs
born alive from the other three dams in G1 (infected/treated), brain samples positive for
T. gondii DNA were detected (33 to 66% of brain samples were T. gondii positive) (Table
2). In G2 (infected/untreated), T. gondii DNA was not detected in any of the fetal brain
samples and only in 2/51 (4%) of fetal lung samples from two different fetuses. As
expected, all samples from G4 (uninfected/untreated) were negative.

DISCUSSION

Previous studies on drugs against T. gondii in pregnant sheep showed low efficacy
against abortion and/or vertical transmission (12-15). In addition, current options for
the treatment of human toxoplasmosis are scarce and often prone to adverse effects
(16). Therefore, studies on the efficacy of drug candidates against T. gondii are needed
(30). This study reports on BKI-1294 drug levels in the plasma of pregnant sheep and
the safety and efficacy of BKI-1294 in a pregnant sheep model of toxoplasmosis. The
efficacy was assessed with respect to the clinical course of disease, cellular and humoral
immune responses, and parasite detection and lesions in placental and fetal tissues.

Compared to other BKIs, such as BKI-1553, BKI-1294 produces lower plasma con-
centrations in mice (31, 32). In calves, plasma levels of 1 uM until 24 h after treatment
were demonstrated after a single administration of BKI-1294 at 10 mg/kg (31). In this
experiment, Phosal vehicle (60% Phosal 53 MCT, 30% polyethylene glycol 400 [PEG400],
10% ethanol 96°) was used, since it gave reproducible and higher exposures than our
typical vehicle, 70% Tween 80-30% ethanol 96° (unpublished data). Administration of
100 mg/kg of BKI-1294 in pregnant sheep led to maximum concentrations of 2 to 3 uM,
with trough plasma concentrations of 0.4 to 1T uM at 48 h after treatment. Detectable
drug levels were found until 13 to 17 days after the first dose. Studies on the in vitro
efficacy of BKI-1294 against T. gondii ME49 reported a half-maximal inhibitory concen-
tration (IC;,) of 0.22 = 0.06 uM (25). Thus, plasma concentrations, including troughs, of
BKI-1294 in pregnant ewes were higher than the IC,, for T. gondii. This perhaps could
translate into good efficacy in the pregnant sheep model of toxoplasmosis, although
different factors, such as protein binding and penetration of BKI-1294 through the
placental and blood-brain barriers, could influence it.

BKI-1294 at 100 mg/kg twice daily for 5 days in mice did not exhibit toxicity, since
no changes in weight, histology, enzymes, or blood cell counts were found (33).
Concerning side effects on pregnancy, a 50% decrease in fetus viability was found in
pregnant CD1 mice treated with BKI-1294 at 50 mg/kg for 5 days (28); however, no
detrimental effect on fetus viability was found using BALB/c mice (25). In calves,
BKI-1294 was safe, with no toxicity observed after 5 mg/kg twice daily oral administra-
tion given over 5days (31). In this study, BKI-1294 treatment did not result in an
increase in rectal temperature or in alterations of hematological and biochemical
parameters, behavior, or fecal consistency. The only exception was an increase in CK
values in G4 (uninfected/untreated) at the final time point, although increased CK
values can typically appear in late pregnancy (34). In spite of the potential fetal toxicity
in mice, no abortions were found in pregnant sheep treated with BKI-1294 and all
lambs were born healthy (with no decrease in birth weight), although long-term effects
of the drug were not assessed in the lambs. Therefore, administration in sheep at
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midpregnancy of 5 oral doses of BKI-1294 at 100 mg/kg (formulated in 60% Phosal 53
MCT, 30% PEG400, and 10% ethanol 96°) given every other day was safe.

Previous drugs tested against T. gondii in pregnant sheep were dosed starting
10 days prior to infection until parturition (12, 13, 15). However, in this study the
beginning of BKI-1294 treatment was planned 48 h after infection, in the same way as
previous studies of BKI therapy of toxoplasmosis in mice (27, 28, 35). At this time point,
the infection has already been established and the parasites have been widely distrib-
uted in the animals. In this experiment, pregnant ewes that were infected but not
treated showed 100% fetal mortality as previously described (36). Clinical observations
in the BKI-1294-treated group revealed high protection against fetal/lamb mortality, as
5 out of 7 (71%) of the ewes gave birth to healthy lambs (13 out of 17 fetuses/lambs
were born healthy), with statistically improved fetal/lamb survival rates compared to
those of the infected, untreated group. Although previous drugs tested orally against
T. gondii in pregnant sheep were dosed starting 10days prior to infection until
parturition, allowing a better chance to control T. gondii infection, our treatment with
5 doses of BKI-1294 initiated 48 h after infection resulted in higher protection against
fetal/lamb mortality (71%) than studies using monensin (38% of increase in live lambs)
(13) and decoquinate (22% increase in live lambs) (15). Likewise, contrary to this study,
in which 100% fetal/lamb mortality was found in infected but untreated pregnant ewes,
only 46 to 55% of fetal/lamb mortality was detected in infected but untreated pregnant
ewes from studies testing monensin and decoquinate (13, 15), indicating less aggres-
sive infections. In previous studies, a decreased birth weight has been described in
lambs born from T. gondii-infected ewes (15). In this study, lambs born from twin
pregnancies in the infected and treated group exhibited slightly lower birth weights
than the uninfected group receiving vehicle alone, but since no significant differences
were found between lambs that were PCR positive and those that were PCR negative,
it is likely that this lower growth of the twin fetuses is a consequence of decreased food
intake in the dams from the infected, treated group for 6 days (from 96 to 101 days of
pregnancy, associated with marked fever due to T. gondii infection), as previously
described (37). Likewise, all lambs born in the infected and treated group were healthy,
while in a previous study using the TgShSp1 isolate in pregnant sheep, weak lambs
were often observed (36). The rectal temperatures from infected and treated pregnant
ewes were lower than those of infected, untreated pregnant ewes on days 5 and 7 p.i.
(days 3 and 5 of BKI-1294 dosing), suggesting that BKI-1294 had an impact on parasite
replication. Decreased rectal temperatures and/or a delay in rectal temperature in-
crease have also been described in experiments testing monensin (13) or decoquinate
(15) against toxoplasmosis in pregnant ewes.

The proinflammatory cytokine IFN-y plays an important role by inhibiting the
intracellular multiplication of T. gondii and creates a Th-1 type immune response (38).
Analysis of the peripheral immune responses in pregnant ewes at different time points
demonstrated a significant increase in IFN-y release in stimulated peripheral blood
cultures from the infected, treated group on day 7 p.i. compared to those of the
infected, untreated group and uninfected group receiving vehicle alone. The infected,
treated group showed a peak of IFN-y release on day 10 p.i. as well as 100-fold
increased levels until delivery, while there are no samples from infected and untreated
ewes beyond day 7 p.i. In vitro studies showed that BKI-1294 triggered the develop-
ment of intracellular multinucleated complexes, with parasites unable to complete the
lytic cycle. These multinucleated complexes have increased expression of some stage-
specific proteins such as SAG1 and BAG1 (25). In vivo, although no cell infection was
demonstrated in this study, these multinucleated complexes could stimulate the host
immune responses, resulting in higher IFN-y-specific levels in treated ewes, as previ-
ously found (39) after treatment with BKI-1553 of Neospora caninum experimentally
infected pregnant ewes. The SAGT molecule is an immunodominant surface protein
found on tachyzoites and is one of the most extensively studied antigens, as it is
capable of inducing a T cell response with parasiticidal activity for extracellular T. gondii
tachyzoites (40). Therefore, the effects of BKI-1294 to stimulate SAG1 and BAGI
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production may act synergistically with the IFN-y response, leading to enhanced
immune protection against infection. The increased levels of IFN-y in the infected,
treated group might have led to greater initial control of parasitemia, diminishing the
numbers of parasites reaching and invading the placenta (41).

Concerning humoral immune responses, all infected and treated animals (G1) were
positive for the presence of anti-T. gondii SAG1 antibodies, except for one ewe that
aborted on day 17 p.i. However, using the ELISA based on T. gondii soluble antigens,
only one ewe that gave birth to a stillborn lamb and two dams that gave healthy lambs
seroconverted, while the remaining ewes were seronegative at the end of the sampling
period. The findings that soluble antigens are exposed to the immune system during
replication (42) and that much lower humoral immune responses to soluble antigens
were found compared to those of ewes infected with lower oocyst doses (36) suggest
that there was only low replication of the parasite throughout the experiment. In
contrast, SAGT and BAG1 antibodies in the infected and treated group may be derived
from their enhanced expression in vivo, as predicted by the multinucleated complexes
found in vitro after BKI-1294 treatment of T. gondii-infected cultures (25). Likewise, it is
known that the SAG1 antigen triggers an antibody response with an inhibitory effect on
invasion (43).

In the present study, we evaluated transplacental transmission of the parasite
through fetal serology, parasite detection, and histological lesions in fetal tissues. In
previous assessments of drugs against congenital toxoplasmosis in pregnant sheep,
vertical transmission was evaluated through techniques that are less sensitive than the
PCR used in this study; specifically, previous studies primarily used fetal serology and/or
microscopic observation of lesions in fetal brains and/or placental tissues. Using these
techniques, there was a reduction of 50% in the animals with vertical transmission after
treatment with monensin (13). In the study using decoquinate (15), only placental
tissues were evaluated for T. gondii-induced lesions, and in this case, there was a 20 to
40% reduction of placentas showing lesions in the treated group. However, 12 to 25%
of infected and untreated sheep did not show placental lesions (13, 15) or seropositive
offspring (13). The study evaluating sulfamezathine/pyrimethamine showed 100%
vertical transmission in untreated animals, and treated animals exhibited a 67% reduc-
tion in the placentas with lesions but no differences in fetal serology (14). In all the
lambs born after infection with a 100-fold lower TgShSp1 oocyst dose than that used
in the present study, T. gondii was detected in all their brains and lungs and lesions
were found in most of the brains. However, in abortions during the acute phase of the
disease caused by the infection of pregnant ewes with TgShSp1 oocysts (days 7 to 10
p.i.), T. gondii was scarcely detected in fetal tissues and placental thrombosis was often
found (36). In lungs, which are commonly infected by T. gondii (44), no lesions or
parasites were detected in lambs born in the BKI-1294-treated group. Likewise, para-
sites were not detected in the brain tissues of 7 of the 13 lambs born healthy (53%
protection against vertical transmission in lambs born). There were no lesions found in
the brains of any of the 13 healthy lambs. There was slight dissemination of the parasite
in the lambs with no antibodies detected by IFAT, although this technique may suffer
from low sensitivity (7). These results are in line with those from a pregnant mouse
model of toxoplasmosis, in which 100% protection against pup mortality and 93%
protection against vertical transmission in the surviving offspring was accomplished
with BKI-1294 (28). The increased protection of BKI-1294 in pregnant mice compared to
pregnant sheep could be explained by the lower offspring mortality and vertical
transmission of T. gondii in mice compared to that in sheep (36).

In conclusion, BKI-1294 treatment in T. gondii-infected dams resulted in a decrease
in rectal temperatures upon infection, strong IFN-y production after cell stimulation in
vitro, a low humoral immune response to soluble antigens but high levels of SAG1
antibodies, and a decrease of 71% in the fetal/lamb mortality. In the offspring, BKI-1294
prevented vertical transmission in 53% of lambs born alive. Results of protection
against abortion and vertical transmission of BKI-1294 are substantially better than
those of previous drugs tested against ovine toxoplasmosis. In light of these findings,
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TABLE 3 Experimental design

No. of No. of
Group pregnant ewes fetuses/lambs Challenge (p.0.9) Treatment (p.o.9)
G1 7 17 1,000 TgShSp1 sporulated oocysts BKI-1294, 5 doses at 100 mg/kg every other day
G2 8 17 1,000 TgShSp1 sporulated oocysts None
G3 5 8 PBS BKI-1294, 5 doses at 100 mg/kg every other day
G4 5 7 PBS 60% Phosal 53 MCT, 30% PEG 400, 10% ethanol 96°

(vehicle), 5 doses every other day

ap.o., per os (orally).

BKI-1294 exhibits a therapeutic systemic exposure in pregnant ewes, is safe, and confers
high protection against abortion and vertical transmission of the parasite in a pregnant
sheep model of toxoplasmosis. Further studies are necessary to improve efficacy of
BKI-1294 by applying alternative formulations, drug dosages, and dosing regimens. In
addition, other members of the BKI class of compounds under development could be
tested in the near future against ruminant toxoplasmosis.

MATERIALS AND METHODS

Ethics statement. All protocols involving animals were approved by the Animal Welfare Committee
of the Community of Madrid, Spain (PROEX 166/14), by following proceedings described in Spanish and
EU legislation (Law 32/2007, R.D. 53/2013, and Council Directive 2010/63/EU). Good clinical practices
were used to minimize suffering.

Animals and experimental design. Thirty-five pure Rasa Aragonesa breed female ewes aged
12 months were selected from a commercial flock. All animals were seronegative for T. gondii, N.
caninum, Border disease virus (BDV), Schmallenberg virus (SBV), Coxiella burnetii, and Chlamydia abortus
as determined by ELISA. They were estrus synchronized and mated with pure-breed Rasa Aragonesa
pups for 2 days. Pregnancy and fetal viability were confirmed by ultrasound scanning (US) on day 40
postmating, and twenty-five pregnant sheep were selected for the experiment. Pregnant ewes (n = 25)
were randomly distributed into four experimental groups (Table 3) and housed at the animal facilities of
the Animal Health Department in the Faculty of Veterinary Sciences (Complutense University of Madrid,
Spain). Fifteen ewes were allocated into groups 1 (G1; n = 7) and 2 (G2; n = 8), which were dosed orally
with 1,000 T. gondii sporulated oocysts of the T. gondii isolate TgShSp1 (PCR-RFLP genotype 3) (36) at day
90 of gestation (dg). Oocysts were shed by cats after oral infection with brains from infected mice (36).
The ten remaining pregnant ewes were allocated to groups 3 (G3; n =5) and 4 (G4; n = 5), which
received 50 ml of phosphate-buffered saline (PBS) at 90 dg.

BKI-1294 was synthesized by WuXi AppTec Inc. (Shanghai, China) and further purified in the
Department of Chemistry of the University of Washington. The drug formulation was prepared by
dissolving the compound in 60% Phosal 53 MCT (Lipoid GmbH, Ludwigshafen, Germany), 30% PEG400
(Sigma-Aldrich, Madrid, Spain), and 10% ethanol 96° (Panreac, Barcelona, Spain) by heating at 37°C and
shaking for 3 h at a final concentration of 45 mg/ml. Starting at 48 h p.i., BKI-1294 was administered orally
through an ororuminal probe to G1 (infected/treated) and G3 (uninfected/untreated), both groups at
100 mg/kg of body weight, 5 doses every other day. Each ewe from G1 (infected/treated) and G3
(uninfected/treated) received 146 = 20 ml for each dose. In addition, ewes from G4 (uninfected/un-
treated) received 5 doses (140 == 8 ml), every other day, of vehicle alone. The safety of BKI-1294 was
evaluated by monitoring of rectal temperatures, gastrointestinal (fecal consistency) and behavioral
changes, fetal viability, and hematological and biochemical parameters. The efficacy of this compound
against congenital toxoplasmosis in sheep was assessed by monitoring fetal/lamb mortality and vertical
transmission in live lambs (seropositivity and parasite detection/lesion in brain or lungs) (36). In addition,
rectal temperatures and humoral and cellular immune responses to T. gondii infection were assessed.

Clinical monitoring. Pregnant ewes were observed daily during the experimental period. Fetal
viability was assessed postinfection by US monitoring of fetal heartbeat and movements once a week.
Rectal temperatures were examined daily from day 0 until 14 days p.i. and then weekly. Animals were
considered febrile when rectal temperatures were over 40°C (45).

When fetal death or birth of stillborn lambs occurred, or 48 h after delivery of live lambs, dams and
lambs were sedated with xylazine (Rompun; Bayer, Mannhein, Germany) and euthanized with an
intravenous overdose of embutramide and mebezonium iodide (T61; Intervet, Salamanca, Spain). Deliv-
eries up to day 140 of pregnancy were considered premature. Lambs born from day 141 onwards were
weighed immediately after birth. Live lambs were clinically inspected for 48 h after birth.

Collection of blood samples. To determine BKI-1294 exposure, blood samples from G1 (infected/
treated) and G3 (uninfected/treated) were collected at multiple time points by jugular venipuncture into
1-ml tubes (Aquisel, Barcelona, Spain) containing lithium heparin. Blood was collected prior to BKI-1294
administration; 1, 2, 4, 8, 12, 24, 30, and 48 h after the 1st dose; 8, 12, 24, 30, and 48 h after the 2nd, 3rd,
4th, and 5th doses; and finally, daily until 7 days after the 5th dose. Heparinized blood samples were
centrifuged at 805 X g for 30 min at 4°C, and plasma samples were stored at —20°C until analysis by
liquid chromatography-tandem mass spectrometry (LC-MS/MS).
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For evaluation of hematological and biochemical parameters, blood samples were collected into 5-ml
vacutainer tubes (Becton, Dickinson and Company, Plymouth, UK), with ethylenediaminetetraacetic acid
(EDTA) as anticoagulant, and into 5-ml vacutainer tubes (Becton, Dickinson and Company, Plymouth, UK)
without anticoagulant before and after treatment (4 days after the 5th BKI-1294 dose) from G3 (unin-
fected/treated) and G4 (uninfected/untreated). Tubes without anticoagulant were allowed to clot and
were centrifuged to obtain serum samples that were stored at —80°C until analysis.

Blood samples to evaluate peripheral immune responses were collected from G1 and G2 (both
infected) and G4 (uninfected/untreated) prior to infection, at 3, 5, 7, and 10 days p.i., and then weekly by
jugular venipuncture into 5-ml vacutainer tubes (Becton, Dickinson and Company, Plymouth, UK) with
and without lithium heparin as anticoagulant. Precolostral serum was collected from lambs born in G1
(infected/treated), G2 (infected/untreated), and G4 (uninfected/untreated) and maintained at —80°C for
subsequent serological analysis. Udders were covered with a piece of cloth 1 week before the expected
date of delivery to avoid any accidental suckling from lambs born overnight.

Postmortem collection of tissue and body fluid samples. To evaluate vertical transmission of the
parasite, pieces from brains and lungs from fetuses in G1 (infected/treated), G2 (infected/untreated), and
G4 (uninfected/untreated) were stored at —80°C for DNA extraction and fixed in 10% formalin for
histopathological examination. In addition, six randomly selected placentomes were recovered from
each placenta of aborted dams in G1 (infected/treated), G2 (infected/untreated), and G4 (uninfected/
untreated). For histopathological examinations the placentomes were transversally cut into slices 2 to
3 mm thick and were stored in 10% formalin. The rest of the placentomes were stored at —80°C for
parasite DNA detection. In the remaining dams that gave birth in G1 (infected/treated), G2 (infected/
untreated), and G4 (uninfected/untreated), six randomly selected cotyledons were recovered after
delivery of the placenta and stored at —80°C for parasite DNA detection. Fetal thoracic and abdominal
fluids were also collected from fetuses in G1 (infected/treated), G2 (infected/untreated), and G4 (unin-
fected/untreated) and maintained at —80°C for serology.

BKI-1294 pharmacokinetics. BKI-1294 was extracted from the plasma samples taken from G1
(infected/treated) and G3 (uninfected/treated) using acetonitrile-0.1% formic acid with an internal
standard. A matrix-matched standard curve was prepared for comparison and quantification. BKI-1294
was measured with an Acquity ultra-performance liquid chromatography (UPLC) system in tandem with
a Xevo TQ-S mass spectrometer (Waters, Milford, MA, USA). Calculations of C,,,, for each dose and AUC
were determined using Prism (GraphPad, San Diego, CA).

Hematological and biochemical analyses. As previously described (39), complete blood counts
(CBCs) were determined in whole blood using the automated laser-based hematology analyzer Advia 120
(Siemens Healthcare Diagnostics GmbH, Eschborn, Germany). Biochemical parameters were measured in
serum using the sequential automatic autoanalyzer Konelab 30 (Thermo Fisher Scientific, Waltham, USA).
lons were assessed in serum using a Microlyte 3 (Beckman Coulter, Brea, CA). Reference values were
obtained from previous studies (46).

Peripheral blood cell stimulation assay and assessment of IFN-y production. Peripheral blood
stimulation assay and assessment of IFN-y production were carried out as previously described (39),
using T. gondii soluble antigens for stimulation. Briefly, heparinized blood was cultured in 24-well
flat-bottom plates in the presence of either soluble T. gondii antigens or concanavalin A (ConA;
Sigma-Aldrich, Madrid, Spain), both at a final concentration of 5 ug/ml. Plates were incubated in a 5%
CO,, 37°C, 100% humidity atmosphere for 24 h. They were then centrifuged at 1,000 X g for 10 min at
4°C, and IFN-y was detected in culture supernatants using a commercial bovine enzyme immunoassay
that shows cross-reactivity with ovine IFN-y (Mabtech AB, Sweden).

Serological analyses. T. gondii-specific 1gG antibody levels in ewes were measured using an
in-house indirect ELISA (6) and a commercial test of anti-T. gondii SAG1 (p30) antibodies, ID Screen
toxoplasmosis indirect multispecies (IDvet, Grabels, France). In-house ELISA was carried out in 96-well
microtiter plates (Thermo Fisher Scientific, Waltham, MA) that were coated with 100 ul of soluble T.
gondii antigens (1.5 png/ml in 100 mM carbonate buffer, pH 9.6) overnight at 4°C. Plates were blocked
using 3% bovine serum albumin diluted in PBS containing 0.05% Tween 20 (PBS-T), and serum samples
were diluted 1:100 in the blocking solution. Subsequently, horseradish peroxidase-conjugated protein G
(Sigma-Aldrich, Madrid, Spain) diluted 1:6,000 in PBS-T was added, followed by 2,2’-azinobis(3-
ethylbenzthiazolinesulfonic acid) (ABTS; Roche, Basel, Switzerland), used as the substrate. The reaction
was stopped by adding 100 ul of 0.3 M oxalic acid, and the optical density was read at 405 nm (OD,;).
For each plate, values of the OD were transformed into a relative index percent (RIPC) using the following
formula: RIPC = (OD,,s sample - OD,os negative control)/(OD,,s positive control - OD,,s negative
control) X 100. An RIPC value of =10 indicates a positive result. Commercial ELISA was performed by
following the manufacturer’s instructions, and values of the OD were converted into S/P percent using
the following formula: S/P % = (OD,5, sample — OD,, negative control)/(OD,,5, positive control — OD,,
negative control) X 100. An S/P % of =50 indicates a positive result.

Anti-T. gondii SAG1 antibodies were evaluated by WB in sera from ewes in G1 (infected/treated). For
WB, samples containing 2 X 107 cell culture-derived T. gondii ME49 strain tachyzoites were sonicated in
an ultrasonic bath at 15°C for 15 min and then heated for 5 min at 95°C prior to use. Electrophoresis was
performed in 15% polyacrylamide-N,N’-diallyltartardiamide (DATD) minigels, followed by transfer to a
nitrocellulose membrane (Mini Trans-Blot cell; Bio-Rad Laboratories, CA, USA). The presence of anti-T.
gondii BAG1 antibodies was also assessed by WB. Coated membranes and immunoblotting were
performed similarly to a previously described method (47) but under reducing conditions using dithio-
threitol (DTT). Fifteen micrograms of T. gondii BAG1 recombinant protein expressed in Escherichia coli
(GenScript, Nanjing, China) was electrophoresed in 15% polyacrylamide-DATD minigels and transferred
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to nitrocellulose membranes (Mini Trans-Blot cell; Bio-Rad Laboratories, CA, USA). WB was carried out
similarly to the method described for N. caninum (48), and serum samples were used at a 1:20 dilution.
Serum samples of 4 ewes from G1 (infected/treated) that gave birth to healthy lambs and the ewe that
gave birth to a stillborn in G1 (infected/treated) were assayed on days 0, 49, and 56 p.i. Serum on day
49 p.i. from one ewe infected with 50 TgShSp1 oocysts that gave birth in a previous study (36) was used
as a positive control of infection. Serum from the uninfected group was used as a negative control.
Horseradish peroxidase-conjugated protein G (Sigma-Aldrich, Madrid, Spain) was used at a 1:400 dilution.

IFAT was used to detect specific IgG anti-Toxoplasma antibodies in fetal fluids and precolostral sera
(49), using an anti-sheep IgG (Sigma-Aldrich, Madrid, Spain) diluted 1:200 in Evans Blue (Sigma-Aldrich,
Madrid, Spain). Fetal fluids and precolostral sera were diluted at 2-fold serial dilutions in PBS starting at
1:8 (for fetal fluids) and 1:50 (for precolostral sera) up to the endpoint titer. Continuous tachyzoite
membrane fluorescence at a titer of =8 for fetal fluids or =50 for precolostral sera was considered a
positive reaction.

Histopathology. After fixation in 10% neutral buffered formalin for 5 days, placentomes, brains, and
lungs from fetuses were cut coronally, embedded in paraffin wax, and processed by standard procedures
for hematoxylin and eosin staining. Conventional histological evaluation was conducted in all sections.

DNA extraction and PCR for parasite detection. Genomic DNA was extracted from 50 to 100 mg
of six samples from placental tissues and three samples from fetal brain and fetal lung tissues using the
commercial Maxwell 16 mouse tail DNA purification kit, developed for the automated Maxwell 16 system
(Promega, WI, USA), by following the manufacturer’s recommendations. The concentration of DNA for all
samples was determined by spectrophotometry and adjusted to 50 to 100 ng/ul. T. gondii DNA detection
was carried out by an ITS-1 PCR adapted to a single tube as previously described (6). Each reaction
mixture had a final volume of 25 ul with 5 ul of sample DNA. Samples from G4 (uninfected/untreated)
were included in each round of DNA extraction and PCR as negative controls.

Statistical analysis. Occurrence of fetal/lamb mortality was analyzed by the Kaplan-Meier survival
method, and fetal/lamb survival curves were then compared by the log-rank (Mantel-Cox) test. Com-
parison of the number of fetuses/lambs suffering mortality was done using the x2 or Fisher’s exact F-test.
Rectal temperatures were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s
multiple test until 14 days p.i. Cellular immune responses were analyzed using two-way ANOVA of
repeated measures until day 7 p.i. Weights of the lambs were compared using one-way ANOVA followed
by t test for pairwise comparisons. BKI-1294 C, ., and AUC comparisons were evaluated using the
Mann-Whitney test. Statistical significance for all analyses was defined at a P value of <0.05. All statistical
analyses were performed using GraphPad Prism 6.01 software (San Diego, CA, USA).

SUPPLEMENTAL MATERIAL
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